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We propose a novel scheme for distinguishing between the Dirac and Majorana nature of neutrinos via in-
teraction of a neutrino beam with microwave photons inside a cavity. We study the effective photon-photon
polarization exchange induced by the photon-neutrino scattering. The quantum field theoretical studies of such
effective picture are presented for both Dirac and Majorana neutrinos. Our phenomenological analyses show
that the difference between Dirac and Majorana neutrinos can manifest itself in scattering rate of the photons.
To enhance the effect a cavity scheme is employed. An experimental setup based on microwave cavities is then
designed and simulated by finite element method to measure the scattering rate. Our results suggest that an
experiment based on the current state-of-the-art technology will be able to probe the difference in about one
year. However, it can be done in a few days by enhancing the neutrino beam flux or implementing with the near
future equipments. Therefore, our work provides the possibility for solving the long lasting puzzle of Dirac or
Majorana nature of neutrinos.
I. INTRODUCTION
Since neutrinos were introduced by Pauli in 1930 to ex-
plain the energy spectrum of electrons in beta decays, they
have always been extremely peculiar in the Standard Model
(SM) for elementary particle physics. Their properties of
charge neutrality, near masslessness, flavor mixing, oscilla-
tion, the Dirac or Majorana nature, and in particular the parity-
violating gauge-coupling have been at the center of theoret-
ically conceptual elaborations and developments for almost
a century. On the other hand, to reveal neutrino nature and
properties, sophisticated experiments, observations and data
analyses have been made and ongoing for many decades. The
progress and the results have played an essential role in under-
standing the neutrino physics in the cosmology, astrophysics,
nuclear and elementary particle physics.
In the past years, the several neutrino experiments based
on the reactor, solar and atmospheric neutrino sources have
shown and confirmed the evidence of neutrino flavor oscilla-
tions [1]. This fact implies an important point that neutrinos
are not exactly massless, although they chirally couple to W
and Z gauge bosons in the SM. Therefore the neutrinos cannot
be exactly described as two-component Weyl fermions. They
should be either four-component Dirac or Majorana neutrinos
[2].
The question of whether the neutrino is Dirac or Majorana
type is the most important and longstanding issue in not only
the SM theory, but also experiment. As will be discussed in
this article, the probing neutrino electromagnetic interactions
are the best way to distinguish between Dirac and Majorana
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neutrinos, since Dirac and Majorana neutrinos have differ-
ent electromagnetic properties [3]. The photon-neutrino cou-
plings have been extensively studied in the literature (see for
example [4]), they are extremely small due to the electroweak
coupling at the one-loop level. As a consequence, it is really
hard to measure photon-neutrino couplings in the manner of
traditional nuclear and particle experiments. The well-known
example is the experiment of the neutrino-less double beta de-
cay [5].
Since the laser and microwave technologies have been
greatly improved and sophisticated in recent years, a lot of
attention has been driven to study the neutrino-photon cou-
pling based on the interactions between neutrinos and laser
beams. As examples, Ref. [6] has analyzed the emission of νν¯
pairs off electrons in a polarized ultra-intense electromagnetic
(e.g., laser) wave field. In Ref. [7], by using neutrinos inter-
acting with photons from an intense laser field, the electron-
positron production rate has been studied. This field seems
very promising and a new window, in addition to the tradi-
tional experiments in nuclear and particle physics.
It is shown [8, 9] that linearly polarized photons acquire
their circular polarization via forward scatterings with neutri-
nos. This turns out to be crucial for investigating the proper-
ties of Majorana neutrinos, which have no electric and mag-
netic dipole moments due to CPT invariance [10]. In Ref. [9],
it is pointed out that only left-handed neutrino coupling to
W -boson is the reason for photons acquiring circular polar-
ization, through the photon-neutrino interacting vertex, see
Fig. 1. The acquired circular polarization is described by the
Stokes parameter ∆V , and the ∆V -amplitude of linearly polar-
ized laser photons forward scattering off Dirac or Majorana
neutrino are obtained. The former “D” is twice smaller than
the latter “M”, i.e., ∆VD = ∆VM/2, due to their difference in
the degree of freedoms. In contrast with the extreme smallness
of photon-neutrino interacting cross section, the forward scat-
tering amplitudes of photon circulation polarization are hope-
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2fully detectable by using laser and microwave technologies.
Moreover, by considering available neutrino and ultra-intense
laser beams, it is shown that the circular polarization ampli-
tude ∆VD,M of a scattered laser beam off a Dirac or Majorana
neutrino beam ∆VD,M ∝ λ ×∆t, where λ is the photon wave-
lengths and ∆t is the time duration of photon-neutrino interac-
tion. It is thus concluded that the increasing ∆t by the back and
forth interactions should open a window of detecting ∆VD,M ,
so as to distinguish between Dirac and Majorana neutrinos.
In this article, we examine the possibility of detecting po-
larization scattering of the photons induced by the incidence
of a neutrino beam. The scattering is described in the term
of an effective interaction Hamiltonian where two linearly po-
larized microwave modes couple to each other. The coupling,
in turn, is induced by the photon-neutrino scattering ampli-
tude in the manners of both one-loop calculations and general
derivation of the covariant form based on the CPT symme-
tries. Apart from small and unimportant corrections to the
kinetic terms of linear polarized photons, the effective Hamil-
tonian presents the coupling of two orthogonal polarization
modes of the photons. The coupling is inversely proportional
to the frequency of the photons, favoring low frequency do-
mains. Therefore, in order to measure the rate of polariza-
tion exchange in the cavity we design an experiment based
on microwave cavities. The microwave cavities are among
those with the highest quality factors. Their quality factor can
even reach 1010 [11], which means a photon bounces back and
forth ten trillion times from the cavity walls before leaving it.
This provides higher coherency in the experiment, and thus,
a better resolution in detecting the coupling rate. We support
our theory by finite element simulation of the cavity modes
and discuss that by employing three different cavity modes
the measurement can be performed. A transmon qubit, state-
of-the-art superconducting qubit with long coherence time, is
proposed for probing and detecting the scattered photons.
The paper is organized as follows: In the next section we
derive the photon-neutrino scattering amplitude for both Dirac
and Majorana neutrinos. In Sec. III an effective Hamilto-
nian is for the neutrino-induced photon-photon scattering. In
Sec. IV the Hamiltonian is used to analyze the scattering rate
and possibility of resolving the two neutrino candidates and
Sec. V is devoted to discussion about the designed experi-
ment. The paper ends with outlook and concluding remarks
in Sec. VI.
II. INVARIANT PHOTON-NEUTRINO SCATTERING
AMPLITUDE
Here, we find a general amplitude for the photon-neutrino
scattering process γ(p,s)+ν(q,r)→ γ(p′,s′)+ν(q′,r′) using
the method developed in [12–15]. The Lorentz invariant am-
plitude of such a process can generally be written in the form
[14, 15]
Tf i(ps,qr, p′s′,q′r′) = εsµ(p)ε
s′
ν (p
′)u¯r′(q′)Fµνur(q) , (1)
where ur(q) is the neutrino spinor with spin index r= 1,2 and
εsµ(p) is the photon polarization vectors. The general rank-
two tensor Fµν is constructed using the set of space-like ba-
sis vectors eˆ(1) and eˆ(2), satisfying the orthogonality condi-
tion eˆ(1) · eˆ(2) = 0. In order to construct these two vectors we
use the kinematics variables Qλ = (qλ +q′λ )− PλP2 (q+q′) ·P,
Nλ = ελµνρQµ tνPρ , Pλ = pλ + p′λ and tλ = qλ − q′λ =
p′λ − pλ . Then the normalized basis vectors are given by
eˆ(1)λ = Nλ/
√−N2 and eˆ(2)λ = Qλ/
√
−Q2 (see Ref. [15] for
more details). In the following, we derive general scattering
amplitude for Dirac and Majorana neutrinos.
A. Dirac neutrino
We assume a Dirac spinor for neutrino and consider two
special cases: (i) the amplitude is odd under parity, and (ii)
the amplitude is even under parity. As we pointed above, for
both cases (i) and (ii) the amplitude must be even under CPT.
We first consider the case (i) and impose the odd-parity con-
dition on the amplitude. According to the CPT invariance, we
further impose T-even and C-odd condition. As a result, the
amplitude will be even under CP and CPT. The most general
form of FµνD that is odd under P and even under T is deter-
mined up to four real coefficients fi
FµνD = f1γ
5/Peˆ(1)µ eˆ(1)ν + f2γ5/Peˆ(2)µ eˆ(2)ν
+
(
f3+ f4/P
)[
eˆ(1)µ eˆ(2)ν + eˆ(2)µ eˆ(1)ν
]
, (2)
and the C-even condition gives no more constraint on the coef-
ficients [14, 15]. The conditions of C-even and crossing sym-
metry should be imposed on photon fields,
FµνD (q
′, p′;q, p) =−C [FµνD (−q,−p;−q′,−p′)]TC−1 . (3)
The amplitude (2) satisfies the condition (3) and gives non-
vanishing circular polarization for CMB radiation [15]. For
the case (i), it is also interesting to examine the condition of
C-even and T-odd in which the amplitude is PT-even. For this
case, we find [15]
FµνD = f1γ
5 eˆ(1)µ eˆ(1)ν + f2γ5 eˆ(2)µ eˆ(2)ν
+
(
f3+ f4/P
)[
eˆ(1)µ eˆ(2)ν − eˆ(2)µ eˆ(1)ν
]
. (4)
The first two terms vanish identically after inserting FµνD in
(2). Moreover, one can show that the last term generates B-
mode polarization for the CMB radiation [15].
We now turn to the case (ii) in which the amplitude is even
under parity. The CPT invariance implies C-even and T-even
or C-odd and T-odd. Among them, we are interested in the
first condition plus crossing symmetry. Imposing these condi-
tions yields [15]
FµνD =
(
f1+ f2/P
)
eˆ(1)µ eˆ(1)ν +
(
f3+ f4/P
)
eˆ(2)µ eˆ(2)ν
+ f5γ5/P
[
eˆ(1)µ eˆ(2)ν + eˆ(2)µ eˆ(1)ν
]
, (5)
that leads to the generation of circular polarization [15].
3B. Majorana neutrino
It is also interesting to assume that the neutrinos are Ma-
jorana particles. A Majorana fermion is a particle that is its
own antiparticle and hence it has no electric charge [16–18].
The Majorana spinor is defined as ψM = γ0Cψ∗M where C is
the charge conjugation operator. The properties of Majorana
bilinears under parity, charge conjugation and time reversal
transformations have been summarized in [16–18]. The Ma-
jorana condition implies ψM = ψcM . As a result, for Majorana
spinor under charge conjugation we have
C−1ψMC = ψM . (6)
Therefore, in general one can write
C−1 (ψ¯MAψM)C = ψ¯MAψM , (7)
where for A= γµ
ψ¯Mγµ ψM = 0 . (8)
Moreover, one can show that the transformations of the other
Majorana bilinears under P, T and C are the same as Dirac
bilinears. It has been discussed in [14, 15] that the Comp-
ton scattering amplitude of photons with Majorana neutrino is
given by
TMf i = u¯r′(q
′)εsµ
[
FµνM (q
′, p′;q, p)
+CFνµM (−q, p′;−q′, p)TC−1
]
εs
′
ν ur(q) . (9)
Now, if in general
CFνµM (−q, p′;−q′, p)TC−1 =−FµνM (q′, p′;q, p) , (10)
we find that TMf i = 0 identically. However, if
CFνµM (−p,−q;−p′,−q′)TC−1 = FµνM (p,q; p′,q′) , (11)
the scattering amplitude becomes twice as large for Majorana
fermion. Being invariant under the CPT transformations, the
C-even property implies that the amplitude must be even un-
der PT. Therefore, only possibilities are either P-even and T-
even or P-odd and T-odd. The latter case means that CP is
violated.
First, we consider the condition that amplitude is even un-
der both P and T. We also consider the crossing symmetry,
under which
e(1)λ ↔ e(1)λ e(2)λ ↔−e(2)λ . (12)
After imposing the C-even together with P-even and T-even
conditions one can constrain the amplitude as
FνµM =
(
f1+ f2/P
)
eˆ(1)µ eˆ(1)ν +
(
f3+ f4/P
)
eˆ(2)µ eˆ(2)ν
+ f5γ5/P
[
eˆ(1)µ eˆ(2)ν + eˆ(2)µ eˆ(1)ν
]
, (13)
that we again derive the same coefficients as the standard
Compton scattering (5). Hence, the amplitude for Majorana
fermion can be written in terms of Dirac fermion amplitude as
TMf i = 2T
D
f i . (14)
For further investigation, let us consider the case that the am-
plitude is odd-P and odd-T. For this case, we find
FνµM =
(
f1+ f2/P
)[
eˆ(1)µ eˆ(2)ν − eˆ(2)µ eˆ(1)ν
]
, (15)
which is in agreement with (4). As a result, for this case one
can write TMf i = 2T
D
f i .
III. ONE-LOOP EFFECTIVE PHOTON-NEUTRINO
HAMILTONIAN IN FORWARD SCATTERING
This section is devoted to present an explicit example of
possible photon-neutrino forward scattering in the framework
of the SM that predicts the properties described above. We
also demonstrate a robust photon detection scheme using an
optical cavity.
We consider a cavity wall made by a perfect conductor and
impose the periodic boundary condition on the photon field.
Hence, in a rectangular cavity of volume V we expand the
photon field as
Aµ(x) =∑
p,s
(
h¯c2
2Vωp
)1/2
εµs (p)
[
as(p)e−ip·x+a†s (p)e
ip·x
]
, (16)
where εµs (p) are the photon polarization four-vectors, the in-
dex s = 1,2 labels the physical transverse polarizations of
the photon and p are discrete energy-momentum values ωp =
p0 = |p| and pi = 2pi h¯cni/L with ni = 0,±1,±2, · · ·, and ∑p is
the sum over all cavity modes. The photon annihilation a(p)
and creation a†(p) obey [19]
[a†s′(p
′),as(p)] = δs,s′δp,p′ . (17)
The free neutrino field ψν is also expanded as
ψν(x) =
∫ d3q
(2pi)3
1√
2q0
[
ur(q)br(q)e−iq·x
+ vr(q)d†r (q)e
+iq·x] , (18)
where ur and vr are Dirac spinors, br (dr) and b†r (d
†
r ) are cre-
ation and annihilation operators for neutrino (anti-neutrino).
The creation and annihilation operators b†r′ and br obey the
following relation
{b†r′(q′),br(q)}= (2pi)3 δr′ rδ 3(q′−q), (19)
and also the expectational value over the neutrino creation and
annihilation operators is introduced〈
b†r′(q
′)br(q)
〉
= (2pi)3δ 3(q−q′)δrr′ nν(x,q), (20)
and nν(x,q) represents the local spatial density of neutrinos
in the momentum state q.
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FIG. 1. Two possible Feynman diagrams for the photon-neutrino
forward scattering amplitudes in the context of the SM.
It has been shown in [9] that neutrinos can act as a bire-
fringent background which leads to a small net circular polar-
ization for a beam of photons, which undergo forward scat-
tering with a beam of neutrino due to the interaction resulting
from the one-loop correction of W boson and charged lep-
ton exchange (Fig. 1). Moreover, it is predicted that the net
circular polarization generated from the interaction with Ma-
jorana neutrinos doubles the net amount generated from the
interaction with Dirac neutrinos. In following, we will try
to reconstruct the mention results for the case that photons
trapped in a cavity and interacting with neutrino beam. Note
that the boundary condition would not be important as long
as the time scale of photon-neutrino interaction τγν is much
smaller than L/c, and in this case, the trapped photons of the
discrete spectrum can be approximated as free photons of con-
tinuous spectrum.
In the SM for elementary particle physics, the Hamiltonian
of photon-neutrino forward scattering at the leading order is
given by the exchange of leptons and the W -Z gauge bosons,
via the one-loop diagrams, as shown in Fig. 1,
Hνγ=
∫
dqdq′∑
p
( h¯c2
2Vωp
)1/2
∑
p′
( h¯c2
2Vωp′
)1/2
(2pi)3δ 3(q′−q)δp,p′ exp
[
i
(
q′0+ p′0−q0− p0) t]
×b†r′(q′)a†s′(p′)Tf i(ps,qr, p′s′,q′r′)br(q)as(p). (21)
The scattering amplitude Tf i is given by
Tf i =
e2g2w
8
∫ d4l
(2pi)4
Dαβ (q− l)u¯r′(q′)γα(1− γ5)
× SF(l+ p− p′)
[
ε/s′SF(l+ p)ε/s+ ε/sSF(l− p′)ε/s′
]
SF(l)γβ (1− γ5)ur(q) , (22)
where εµs (p) and ε
µ
s′ (p
′) are the transverse polarizations of initial and final states of cavity photons. The wave functions ur(q)
and u¯r′(q′) are spinors of initial and final neutrinos, r,r′ label their spin degrees of freedom. The notations Dαβ and SF represent
the propagators of W±µ gauge-bosons and charged-lepton respectively. The straightforward calculations of Eqs. (21) and (22)
yield the one-loop effective Hamiltonian of the photon-neutrino forward scattering [9]
Hνγ = αGF
√
2
12pi ∑p
(
h¯c2
2Vωp
)
a†s′(p)as(p)
∫ d3q
(2pi)3
b†r (q)br(q)
×
(
2εs′(p) · εs(p)(q0−|q|)+4|q|(qˆ · εs)(qˆ · εs′)−2iελαβµ pα εβs′ εµs qˆλ
)
, (23)
where qˆ≡ q/|q|. We examine each term in Eq. (23). The first
term is zero for s 6= s′, however it gives a small contribution
to the kinetic term a†s (p)as(p) for s = s′, as the mass-shell
relation q0− |q| ≈ 0 of neutrinos in the beam. This slightly
modifies the frequency of cavity photons ωp→ ω˜p. The sec-
ond term is proportional to neutrino energies and gives the
dominate contribution to Eq. (23). Instead, the third term is
proportional to photon energies, and is about ωp/|q| times
smaller than the second term. Thus the third term becomes
negligible for the case ωp/|q|  1 of high-energy neutrinos
and low-energy microwave photons. Next, by making the ex-
pectation value over the neutrino creation and annihilation op-
erators (20),
∫ d3q
(2pi)3
〈
b†r (q)br(q)
〉
= Nν , (24)
where Nν is the total number of neutrinos in the cavity during
interacting time. As a result, we approximately obtain
Hνγ '
√
2αGF∑
p
h¯c2Nν |q|
6piωpV
(qˆ ·εs)(qˆ ·εs′)a†s (p)as′(p) , (25)
where and henceforth q is considered as an averaged energy-
momentum of neutrino beam. The Hamiltonian (25) shows
that photons possess the coupling and transition of two linear
polarizations s 6= s′, thus they acquire the circular polarization
∆VD,M , when they interacts with neutrinos [9]. By comparing
Eq. (25) with Eq. (5), one can easily set f2 = f3 = f4 = f5 = 0
and find
Tf i(ps,qr, p′s′,q′r′) ∝ (qˆ ·s)(qˆ ·s′) . (26)
Therefore, we consider the case in which the amplitude
Tf i(ps,qr, p′s′,q′r′) is C-even as well as P-odd and T-even.
5We express the Hamiltonian (25) as an effective Hamilto-
nian describing cavity photons interacting with neutrinos
Hνγ = h¯ ∑
p,s,s′
gνγ
ωp
(qˆ ·s)(qˆ ·s′)a†sas′ , (27)
where gνγ ≡ (
√
2/6pi)αGFcF¯ν is the coupling constant with
F¯ν = Nν |q|c/V the energy flux of neutrino beam. By substi-
tuting the values in SI units we arrive at
gνγ ' 10−11F¯ν
[ 1
GeV · cm−2 · s−1
]
. (28)
The neutrino fluxes as large as F¯ν ≈ 105 GeV · cm−2 · s−1 are
already available in T2K and Fermi-lab and one order of mag-
nitude higher values are well within the reach. Therefore, the
problem of distinguishing Majorana from Dirac neutrino boils
down to resolving processes with gνγ ' 10−5 Hz2. The ef-
fective Hamiltonian (25) refers to the case of a Dirac neu-
trino, strictly speaking, a two-component left-handed Weyl
neutrino. Whereas, the effective Hamiltonian for the case
of Majorana fermions is HMνγ = 2H
D
νγ = 2Hνγ . The physical
meaning is that the polarization flip due to Dirac neutrino scat-
tering takes about 105 seconds for a photon with frequency
1 Hz, while the process takes half of this time when scat-
tered by Majorana neutrinos. The reason is that the Majorana
fermion are four-component and self-conjugated field com-
posed by a two-component left-handed Weyl field and its con-
jugation and they both have the same contribution to the ef-
fective Hamiltonian (25). As a result, the circular polarization
amplitudes ∆VM = 2∆VD in terms of Stokes parameter [9].
This factor of two can make a possible distinguish between
Dirac and Majorana fermions by the the experiment proposed
below to measure the polarization s transition of microwave
photons trapped in an optical cavity and scattering off a Dirac
or Majorana neutrino beam.
Before ending this section, we would like to point out that:
(i) in the forward scattering off neutrinos, the cavity photons
retain their energy ωp, but their polarization changes; (ii) the
interaction Hamiltonian (27) represents the transition rate: per
unit of time the number of photon polarization states flipping
from one state s to the other s′; (iii) the lower the cavity photon
frequency, the larger the scattering rate becomes. It can be
deduced from Eq. (16) that for a given cavity volume V , the
electromagnetic energy is proportional to ω−1p . This justifies
why the dominant contribution of the transition rate comes
from the lowest lying cavity mode ωp0 = pic/L, indicating the
larger size of the cavity, the larger transition rate is.
IV. DETECTION SCHEME
In this section, we propose an experiment for detecting the
polarization conversion of the photons produced as a result of
neutrino-photon interaction. We show that thanks to the state-
of-the-art ultrahigh finesse microwave cavities one can resolve
the difference of Majorana and Dirac neutrinos through their
scattering acceleration gγν .
The setup is a cavity placed next to a source of neutrino. We
employ a doubly degenerate cavity mode supporting two or-
thogonal polarizations. We further assume that the cavity axis
is aligned perpendicular to the propagation direction of neu-
trinos. This maximizes the scattering probability as Eq. (27)
suggests. The total Hamiltonian of the system is then
H/h¯=∑
p
∑
s=1,2
ω˜pa†s (p)as(p)
+∑
p
J(p)
[
a†1(p)a2(p)+a1(p)a
†
2(p)
]
(29)
where ω˜p is the modified cavity frequency in the presence of
neutrinos and J(p) ≡ gνγ/ω˜(p) is the neutrino-induced cou-
pling rate of the two orthogonal polarizations. Here, we as-
sume a mono-color drive with momentum p0. This then sets
the active cavity mode, the mode that gets populated during
the experiment. We assume that the intermode scattering rates
are much smaller than the cavity free-spectral-range, there-
fore, the rest of the modes remain unpopulated. We also as-
sume that the thermal excitation is negligible, which is jus-
tified for h¯ωp  kBT . One thus simply works with a single
cavity longitudinal mode and the simplified Hamiltonian in a
frame rotating at the laser frequency Ωp0 reads
H/h¯= ∑
s=1,2
∆a†sas+ J
(
a†1a2+a1a
†
2
)
, (30)
where we have dropped a p0 subscript for the sake of readabil-
ity and introduced the laser detuning ∆ ≡ ∆p0 = ω˜p0 −Ωp0 .
This Hamiltonian is quadratic, therefore, dynamics of the sys-
tem is fully captured by the covariance matrix of the two mode
quadratures. The Langevin equations of motion for the anni-
hilation operators are
a˙1 =−(κ12 + i∆)a1− iJa2+
√
κ1 ain1 , (31a)
a˙2 =−(κ22 + i∆)a2− iJa1+
√
κ2 ain2 , (31b)
where κs with s = 1,2 denotes loss rate of the cavity modes.
In these equations ains are the cavity input operators with the
nonvanishing correlation functions
〈ains (t)ain,†s (t ′)〉= (N¯s+1)δ (t− t ′), (32a)
〈ain,†s (t)ains (t ′)〉= N¯sδ (t− t ′), (32b)
where N¯s is composed of the thermal part and the coher-
ent component. The thermal occupation number is given by
N¯th(ω˜) =
[
exp{h¯ω˜/kBT}−1
]−1 at the temperature T , which
we assume to be low enough to take N¯th ≈ 0. We assume that
the laser input field only couples to the cavity mode a1 and is
related to the input power P1 and normalized such that
N¯1 ≈ P1h¯Ω · τlas, (33)
where τ is the average pulse duration and the small thermal
part is neglected. In terms of the Hermitian quadrature opera-
tors introduced via as = (xs+ iys)/
√
2 the Langevin equations
in (31) take the form u˙= Au+n with u= [x1,y1,x2,y2]T and
6n = [
√
κ1xin1 ,
√
κ1yin1 ,
√
κ2xin2 ,
√
κ2yin2 ]
T and A, the drift ma-
trix, is given by
A=
 −κ1/2 ∆ 0 J−∆ −κ1/2 −J 00 J −κ2/2 ∆
−J 0 −∆ −κ2/2
 . (34)
The linearity of the Langevin equations of motion and Gaus-
sian nature of the noise operators allows us to work with co-
variance matrix whose dynamics describes dynamics of the
system through the following equation [20]
V˙= AV+VAT+D, (35)
where the diffusion matrix has been introduced as D =
1
2 diag[(2N¯1 + 1)κ1,(2N¯1 + 1)κ1,κ2,κ2] with assuming negli-
gibility of the thermal photons.
We investigate the steady state case where duration of the
laser drive pulse is longer than the cavity mode decay rates
(τ−1las . min{κ1,κ2}) and thus drags the system into a sta-
tionary state. In this situation one sets the left-hand-side in
Eq. (35) equal to zero and solves for time-independent Vss.
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FIG. 2. (a) The minimum resolvable neutrino scattering acceleration
gmin in a single-shot experiment versus cavity photon frequencies at
four different pump powers in units of Watts. Here, we have taken
Q= 1010. (b) Variations of the resolution δg with respect to the total
measurement time (blue solid line). The Majorana/Dirac resolution
threshold is shown for two neutrino flux values F¯ν : The state-of-
the-art (yellow) and within reach in a near future (red) in units of
GeV · cm−2 · s−1. We set P1 = 1 mW and Ω/2pi = 4.5 GHz for the
pump power and cavity mode frequency, respectively.
The expectation value of the number operator 〈a†2a2〉ss in the
steady-state is thus analytically obtained. This quantity de-
termines the number of the neutrino-induced scattered pho-
tons. The minimum coupling acceleration gminνγ that leads to
the scattering of at least one photon from a1 into a2 at reso-
nance (∆= 0) and taking τlas ' 1/κ1 is
gminνγ =
Ω
2
[ κ1κ2(κ1+κ2)
P1
h¯Ω − (κ1+κ2)
] 1
2
. (36)
There is a linear relation between the cavity frequency and
the minimum detectable gminνγ . Hence, working with the low-
frequency photons is more efficient. Without loss of gener-
ality we assume equal values for the two cavity decay rates
κ1 = κ2 in the rest of article. This simplifies Eq. (36) and
one easily notices that as expected by increasing the input
laser power the number of cavity photons increases and hence
the probability of scattering. Therefore, for N1  1 we get
gminνγ ≈ (Ω2/2)
√
2h¯/P1Q where Q is the quality factor of the
two cavity modes. For several input powers the single-shot
resolution gminνγ is plotted in Fig. 2(a). Note that as discussed
below Eq. (28), the scattering rate can be measured once the
polarization flip is observed. Nevertheless, the limit at which
the difference of Dirac and Majorana neutrinos becomes de-
tectable is set at about gminνγ ' 10−6 Hz2 with the current tech-
nology (see below), where the number of scattered photons
differs by a factor of two. Therefore, the measurement preci-
sion needs to be enhanced by e.g. repeating the experiment.
The classical ergodicity implies that by repeating the
experiment for Nexp times the final achievable resolution
for the photon-neutrino scattering acceleration improves by
δg ≡ gminνγ /
√
Nexp. Therefore, the total runtime for detect-
ing/excluding neutrino-induced scattered photons is then t =
Nexpτ , where τ is the time period composed of the pump pulse
and the readout process. In this work we consider longtime
pump pulses, therefore, in Fig. 2(b) the achievable resolution
is plotted against total experiment duration. The results sug-
gest that the neutrino-induced photon–photon scattering in the
level of distinguishing between Majorana and Dirac neutrinos
is detectable/excludable in a few days when the neutrino flux
is F¯ν = 106 GeVcm−2s−1. The process is, nonetheless, antic-
ipated to take about a year with the currently available neu-
trino flux values. In the following we provide details of the
proposed experiment.
V. IMPLEMENTATION
To implement the scheme explained above we propose to
use a superconducting microwave cavity as they benefit low-
est attainable frequency without appreciable thermalization at
dilution refrigerator temperatures and yet are among those
with highest quality factors [11, 21]. Two properly chosen
degenerate modes; one TE and the other TM of frequency
Ω/2pi = 4.5 GHz are used for the scattering experiment, while
a third ancillary mode with frequency Ωro/2pi = 6.4 GHz is
employed for readout (we shall call it the RO mode). This
can be realized, for example, in a cylindrical cavity of length
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FIG. 3. Conceptual design of the experiment: (a) The sketch of the proposed setup: a superconducting microwave cavity with two ports and
a transmon qubit (the green slab) inside. FEM simulation of the operative cavity modes: (b) The fundamental TM-mode used for pumping,
(c) the symmetric degenerate TE-mode that accepts the neutrino-induced scattered photons, and (d) the readout mode which is TE in nature
with a higher frequency. The transmon qubit is placed and oriented such that its coupling to the ‘pump’ TE-mode is negligible due to the
perpendicularity of its dipole moment (the green arrow) to the electric field vector of TM-modes. The place of ports are shown as gray circles.
The color bar shows the normalized electric field.
L ≈ 5.2 cm and radius R ≈ 2.6 cm [see Fig. 3 for the sketch
and finite element simulation]. Two distinct in/out ports are
appropriately positioned on the cavity walls. The first one
(port-1) is used to pump the fundamental TM-mode of the cav-
ity (the a1 mode in the above analyses), while the other one
is strongly coupled to the readout cavity mode. To detect the
photonic state of the a2 TE-mode—which with a finite proba-
bility is expected to be a single-photon as a result of neutrino
induced conversion of the pump photons—we propose to po-
sition and orient a transmon superconducting qubit inside the
cavity such that it only couples to the TE and RO modes [22–
24]. The mode profiles and orientation of the electric field
makes this possible as confirmed by the finite-element simu-
lations. Transmon qubits are known for their long coherence
times and thus are proper candidates for the readout part in
our protocol. The qubit frequency is chosen to be in resonance
with the TM cavity mode (ωq = Ω) and in strong dispersive
coupling to the RO mode [25]. The former will result-in co-
herent population transfer from the TE-mode state to the trans-
mon qubit and the latter allows for rapid high-fidelity single-
shot readout of the qubit [26].
The detection scheme is composed of the following pulse
sequence: (i) A preparation pulse sent through port-2 excites
the TE-mode and resets the transmon qubit. (ii) Subsequently,
a strong microwave pump resonantly drives the TM-mode via
port-1. (iii) After that the state of transmon qubit is readout
through a single-shot dispersive scheme by a pulse with cen-
tral frequency Ωro sent into port-2. Since the qubit only can
get excited by the TE-mode detecting an excited qubit signals
scattering of a photon into the TE-mode.
A. Finite-element simulation
To present a conceptual design for our scheme, here we pro-
vide a simulation based on finite-element method (FEM). The
results are summarized in Fig. 3 alongside a sketch of the cav-
ity and the ports. The cavity is taken cylindrical whose di-
mensions are: The radius 2.56 cm and the height 5.16 cm.
The fundamental mode is transverse magnetic (TM) with a
Gaussian profile around the cavity axis (the axis of cylin-
der) such that the electric field is vanishing on the side wall.
With the chosen dimensions frequency of this mode becomes
Ω/2pi ≈ 4.5 GHz. The transmon qubit is oriented such that
its dipole moment is perpendicular to the electric field vectors
of the transverse magnetic modes. Therefore, its coupling to
the TM-mode is negligible. At the same frequency one finds
two transverse electric (TE) modes: one symmetric and the
other anti-symmetric. We propose to employ the symmetric
mode as a host for the scattered photons. The profile suggests
that overlap of the anti-symmetric mode with the TM-mode is
much smaller than the symmetric one [compare the mode pro-
files in Fig. 4]. We, therefore, expect negligible scattering into
the anti-symmetric mode and ignore its effect in our consid-
erations. This reasoning is further supported by positioning
the transmon qubit in one of its nodes. A higher transverse
symmetric anti-symmetric
0
1
FIG. 4. FEM simulation of the electric field profile of the symmetric
and anti-symmetric TE-modes which are degenerate with the funda-
mental TM-mode. The small overlap of the anti-symmetric mode
with the TM-mode is much smaller than the symmetric one. The po-
sition of qubit (green slab) is chosen to only couple to the symmetric
TE-mode (see the text for a detailed discussion).
8electric mode with frequency Ωro/2pi ≈ 6.4 GHz is proposed
to employ for the readout process. The mode is TE and has an
anti-node at the position of the qubit, hence, couples to it in
a dispersive strong fashion. Moreover, it has an anti-node at
the readout port, which guarantees a fast evacuation, and thus,
rapid identification of the qubits state [26].
VI. CONCLUSION AND REMARKS
To summarize, we have studied the photon-neutrino scatter-
ing amplitude for both Dirac and Majorana neutrino cases. A
one-loop effective interaction Hamiltonian then has been de-
rived for forward scattering of photon polarization. We find
that the neutrino-induced photon-photon polarization scatter-
ing rate differ in a factor of two. That is, the Majorana neu-
trinos should scatter polarization of photons twice larger than
the Dirac neutrinos in the same time duration. In order to re-
solve this difference, we have proposed an experimental setup
that photons are scattered inside a cavity. The results sug-
gest that the experiment performs much better for low fre-
quency photons. We, therefore, have designed and simulated
a microwave cavity where one of its modes (a1 TM-mode)
is employed for pumping photons, one other mode with a per-
pendicular polarization (a2 TE-mode) accommodates the scat-
tered photons. The scattered photons are then absorbed by a
superconducting qubit (a transmon qubit). The state of qubit,
in turn, is quickly readout by and auxiliary off-resonance cav-
ity mode (RO-mode). The high quality factors of the current
technology microwave and radio-frequency cavities allow one
to probe the difference in the course of a year. However, we
anticipate that by near future technologies the experiment tim-
ing should be reduced down to a few days. An enhancement
in the neutrino beam flux yet reduces it to a few hours.
Before ending this article, we would like to mention that
the theoretical and experimental studies presented in this ar-
ticle can be possibly generalized to the fields of studying the
right-handed neutrinos, their possible small coupling to gauge
bosons and flavor mixing, as well as other issues of probing
new physics in the lepton sector, see for example the review
article [27] and Refs. [28]. Based on recently rapid devel-
oped technologies of lasers and microwave, such an experi-
ment presented in this article is indeed a complementary ap-
proach to study the lepton-sector physics in the SM, in ad-
dition to the traditional experiments in nuclear and particle
physics.
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